Introduction {#s1}
============

Interaction of biological systems with magnetic fields has puzzled and fascinated the scientific community for a long time ([@bib53]; [@bib52]; [@bib101]; [@bib6]; [@bib47]; [@bib48]; [@bib41]). While experimental evidence for magnetic sense in animals seems uncontroversial, the mystery of biophysical mechanism of its action remains unresolved. Despite the challenges in deciphering the fundamental operating principles of magnetic control of biological ion channels, cells, and organisms, the attraction of influencing biological systems with magnetic fields has remained strong. This is mainly due to the fact that external DC and AC magnetic fields easily penetrate biological tissue, are easily generated by current carrying wires or permanent magnets, and their properties and engineering design tools are well understood. These features of magnetic fields are commonly used in medical diagnostics applications such as Magnetic Resonance Imaging (MRI) ([@bib64]), and there is a strong impetus to apply the same advantages of magnetic fields to control biological function, as is the case in Transcranial Magnetic Stimulation (TMS) ([@bib103]).

Coupling modern genetic engineering techniques with the magnetic fields to influence biological activity has the potential to be a particularly robust way to combine the strength of both methods in control of cellular function. This is the approach of a recent technique development, commonly termed magnetogenetics, where thermo-sensitive and mechano-sensitive ion channels are genetically engineered to be closely coupled to the iron-storage protein ferritin ([@bib88]; [@bib89]; [@bib90]; [@bib105]). Initial reports that introduced this new technology have received significant attention and commentary ([@bib2]; [@bib70]), as well as considerable criticism ([@bib65]). The plausibility of presented mechanisms of mechanical and thermal activation of ion channels has been challenged on physical grounds ([@bib65]), and the present state of reported experimental observations in magnetogenetics and basic magnetic physics arguments that challenge those observations remain in conflict.

The total energy of a spin system has terms related to the interaction of the individual spins with the external magnetic field, plus the interaction energy of the spins among themselves. The later contribution can be quite large, as occurs in ferromagnatism. This total energy must be compared with the thermal energy and, for interacting systems, the thermal energy may be too small to appreciably dephase the spins. Thus the possibility for experimenters to exploit the interaction of magnetic nanoparticles in vivo with external magnetic fields (\~1T) is not unreasonable. Here, I present the case that the physical viability of magnetogenetics depends critically on many physical parameters of the basic control construct (iron-loaded ferritin protein coupled to the thermo-sensitive or mechano-sensitive ion channel in the cell membrane) that are presently not well known or understood, and therefore the physical possibility of magnetogenetics cannot yet be discounted and needs to be further explored. These critical parameters include the magnetism and magnetic spin configurations of iron atoms in the ferritin protein, as well as the realistic thermal, mechanical, and diamagnetic properties of ion channels and neural cell membranes coupled to the iron loaded ferritin. Additionally, I propose several new possible mechanisms of ion channel activation based on the magneto-caloric effect, mechanical cell membrane deformation by the diamagnetic force, and the mechano-thermal Einstein-de-Haas effect. I also discuss the fundamental magnetic moment fluctuations of the magnetic particle in ferritin and its presently unknown but potentially relevant effect on the ion channels in cell membranes. I emphasize that all of the arguments in this study are presented as theoretical exercises of what is in principle possible, both in terms of the magnetic materials synthesized within the ferritin protein and the experimentally applied settings. Further careful materials science and magnetometry studies need to be carried out to evaluate the viability of the described processes for in vivo magnetogenetics.

Results {#s2}
=======

Magnetism of iron in ferritin protein {#s2-1}
-------------------------------------

The fundamental genetically engineered construct in magnetogenetics, as reported by the original articles ([@bib88]; [@bib89]; [@bib90]; [@bib105]), is shown diagrammatically in [Figure 1](#fig1){ref-type="fig"}. Thermo-sensitive or mechano-sensitive ion channels of the TRP family of channels (TRPV1 and TRPV4) were genetically engineered to be closely coupled to the novel chimeric iron-loading protein ferritin. External DC or AC magnetic fields were applied to this construct in in vivo experimental settings, and it was preliminarily concluded that thermal or mechanical magnetic effects were likely responsible for the observed biological responses, as was intended by the genetic engineering methods. This interpretation has been challenged by [@bib65] who has argued that the presently known magnetic force, torque, and heating mechanisms are many orders of magnitude smaller than necessary to activate ion channels and that the fundamental thermal energy level, k~B~T, is much larger than the energy of any mechanism of magnetogenetics so far proposed. This criticism is fundamentally based on the assumptions on the number of iron atoms (N = 2400) in the ferritin protein and on the magnetic configuration in ferritin protein that assumes iron spins as a collection of independent non-interacting particles (paramagnetic configuration). Here, I explore what the physical consequences would be if those spin assumptions are expanded to include larger number of iron atoms in the ferritin protein ([@bib14]) (N = 4500) and spin configurations that allow for more strongly coupled iron spins within the ferritin core (ferromagnetic configuration).

![Genetically engineered construct in magnetogenetics.\
Thermo-sensitive or mechano-sensitive ion channel is closely coupled to the iron-loading protein ferritin. External DC or AC magnetic fields are applied in order to influence the ion channel function.](elife-45807-fig1){#fig1}

It should first be noted that magnetic properties of iron are notoriously structure sensitive ([@bib18]). Assigning the magnetic moment value to the iron atom between 0μ~B~ to 5μ~B~ (where μ~B~ is the Bohr magneton, μ~B ~= 9.27x10^−24^ Am^2^) and spin coupling configuration (paramagnetic, ferromagnetic, ferrimagnetic, antiferromagnetic, etc.) is highly variable and chemistry dependent ([@bib18]). It should also be pointed out that the systematic and complete analysis of magnetism of the iron loaded ferritin core in all the reported magneto-genetics articles has not been performed, and therefore the magnetism of the fundamental magneto- genetic ferritin construct is not presently known. It is generally believed that iron forms different mineral forms within ferritin (for example, magnetite Fe~3~O~4~ or maghemite ɣFe~2~O~3~). The original enhanced iron-loading chimeric ferritin, reported by [@bib45] was characterized only by NMR and MRI, and showed that one of the fused heavy H and light L subunits constructs (the L\*H chimera) exhibited significantly enhanced iron loading ability. It is not clear from this report how many iron atoms are indeed loaded into the L\*H chimera construct, what chemical structure iron forms in that construct, what the spin configuration of the iron atoms in that construct is, or if there is any shape or crystalline or any other magnetic anisotropy in the L\*H ferritin (as the magnetic moment vs. magnetic field or magnetic moment vs. temperature measurements or chemical crystal analysis were not reported). Previous literature on such materials science, biomimetic synthesis, and magnetic investigations of iron loaded ferritin, both in physics and biology, is voluminous ([@bib84]; [@bib85]; [@bib4]; [@bib5]; [@bib33]; [@bib86]; [@bib94]; [@bib106]; [@bib74]; [@bib75]; [@bib19]; [@bib76]; [@bib97]; [@bib73]) and it is clearly imperative that such experimental techniques be applied to better understand the magnetism of the reported constructs in magnetogenetics studies.

In my analysis, I use the commonly stated maximum possible number of iron atoms in ferritin N = 4500 and assume atomic moment of m~Fe~ = 5μ~B~ per iron atom (the highest value reported for iron in oxide form, Table 3.5 in [@bib18]), with the understanding that the actual number of iron atoms in ferritin in all the magnetogenetics reports is not presently known.

[Figure 2](#fig2){ref-type="fig"} diagrammatically shows the three distinct spin coupling configurations of iron atoms in ferritin that I consider as reasonable possibilities. [Figure 2a](#fig2){ref-type="fig"} represents N irons spins in a conventional paramagnetic ferritin state ([@bib65]) where all the spins are magnetically independent from one another and non-interacting. [Figure 2c](#fig2){ref-type="fig"} shows the case of ferromagnetic coupling between N iron spins where all the spins are strongly coupled by the exchange interaction and magnetically behave as a single macro-spin in what is commonly termed a superparamagnetic state of the magnetic particle ([@bib18]). In [Figure 2b](#fig2){ref-type="fig"}, I consider a state that lays in between these two extremes. In this configuration, the N iron spins are separated into n independent clusters of N/n exchange coupled spins, and I will call this spin configuration a clusterparamagnetic state. There have been numerous experimental investigations on ferritin, both structural and magnetic, that indicate that such spin structure might be the most probable one in some cases ([@bib36]; [@bib87]; [@bib9]; [@bib29]; [@bib60]; [@bib57]). For simplicity of analysis, I will assume that all of the n magnetic clusters in this spin configuration of the particle have the same number N/n of iron spins, and that the magnetic moments of the n clusters within the ferritin particle are magnetically independent (non-interacting). It should be clear that [Figure 2b](#fig2){ref-type="fig"} represents the most general spin configuration with n clusters of N/n spins in each cluster, while the paramagnetic state of [Figure 2a](#fig2){ref-type="fig"} is a special case with n = N and the superparamagnetic state of [Figure 2c](#fig2){ref-type="fig"} is a special case where n = 1. I will assume the physiological temperature of T = 37°C = 310K throughout. The thermal average magnetic moment in external magnetic field B of a single cluster of N/n iron spins in the ferritin particle is classically described by the Langevin function ([@bib18]):$$m_{cluster} = \frac{N}{n} \cdot m_{Fe} \cdot \left\lbrack {coth(x) - \frac{1}{x}} \right\rbrack$$where parameter $x = \frac{\frac{N}{n} \bullet m_{Fe} \bullet B}{k_{B} \bullet T}$, and the total thermal average magnetic moment m~TOT~ of the ferritin particle along the field direction is:$$m_{TOT} = n \cdot m_{cluster}$$

![Three distinct spin coupling configurations of iron atoms in ferritin.\
(**a**) Paramagnetic state where N irons spins are magnetically independent from one another and non-interacting. (**b**) Clusterparamagnetic state where N iron spins are separated into n independent clusters of N/n exchange coupled spins. (**c**) Superparamagnetic state where all N spins are strongly coupled by the magnetic exchange interaction and behave as a single macro-spin.](elife-45807-fig2){#fig2}

[Figure 3a](#fig3){ref-type="fig"} shows the resulting ferritin particle magnetic moment vs. magnetic field at T = 310K as a function of different cluster numbers and for the experimentally attainable laboratory magnetic fields (0 to 2 Tesla) generated by either electro-magnets, superconducting magnets, or permanent magnets.

![Magnetic properties of clusterparamagnetic ferritin.\
(**a**) Ferritin particle magnetic moment vs. magnetic field as a function of different cluster numbers n of N/n exchange coupled spins in a particle of N spins. For the superparamagnetic spin arrangement of Figure 2c (n=1, black curve), the particle moment saturates at relatively low magnetic fields and the magnetic moment is three orders of magnitude higher than for the paramagnetic state of Figure 2a (n = 4500, light blue curve). The curves for the clusterparamagnetic configurations of Figure 2b (n = 5, 15, 45, 450) are also shown. The inset in (**a**) shows the attractive force configuration between two ferritins. (**b**) The interaction energy magnitude (E = m·B) of the iron loaded ferritin as a function of the external magnetic field. For modest clustering of iron spins into n clusters of N/n exchange coupled spins the interaction energy is above k~B~T in moderate magnetic fields. The maximum theoretically possible torque on an anisotropic ferritin particle $\overset{\rightarrow}{\Gamma} = \overset{\rightarrow}{m}X\overset{\rightarrow}{B}$, shown diagrammatically in the inset of (**b**), has interaction energy above k~B~T.](elife-45807-fig3){#fig3}

It is immediately apparent that the assumption about the spin configurations of iron atoms in the ferritin protein has dramatic effects on the total magnetism of the particle. For the paramagnetic ([Figure 2a](#fig2){ref-type="fig"}) spin arrangement of the particle (n = N = 4500, light blue curve in [Figure 3a](#fig3){ref-type="fig"}), the magnetic susceptibility is low, and as an example, the total magnetic moment of the particle at a representative field of 1 Tesla is m = 2.4×10^−22^ (Am^2^), consistent with the previous paramagnetic ferritin assumption ([@bib65]). However, for the superparamagnetic ([Figure 2c](#fig2){ref-type="fig"}) spin arrangement (n = 1, black curve of [Figure 3a](#fig3){ref-type="fig"}), the particle moment saturates at relatively low magnetic fields, well below 1 Tesla, where the magnetic moment has the value of m = 2×10^−19^ (Am^2^), three orders of magnitude higher than for the paramagnetic state. This is the classic superparamagnetic particle behavior ([@bib7]) where N = 4500 spins are uniformly exchange coupled and act as a giant single paramagnetic spin. The other curves in [Figure 3a](#fig3){ref-type="fig"} show the magnetic moment for the clusterparamagnetic ([Figure 2b](#fig2){ref-type="fig"}) spin configurations (with cluster number n = 5, 15, 45, 450) indicating that even modest clustering of N = 4500 spins into n clusters of exchange coupled N/n spins can significantly increase the magnetic moment of the ferritin particle in reasonable laboratory magnetic fields.

Most experimental reports on ferritin magnetism indicate paramagnetic particles ([@bib65]). However, that is not necessarily known for the ferritin construct reported by [@bib45] (and all the subsequent magnetogenetics reports) for which the magnetization curves of the particles are not reported. In fact, there have been experimental reports on iron-loaded ferritin where the magnetization measurement closely follows the superparamagnetic curve (black line in [Figure 3a](#fig3){ref-type="fig"}) ([@bib12]; [@bib68]). In the present analysis, the saturation magnetic moment of a superparamagnetic particle of N = 4500 iron atoms with moments of 5μ~B~ per atom is m~TOT~ = 22500 μ~B~ = 2.1 x 10^−19^ (Am^2^), consistent with the numbers reported in experiments by [@bib12] and [@bib68], suggesting that the superparamagnetic state of iron-loaded ferritin might be possible. It is also instructive to consider the saturation magnetization, M~S~, of magnetite in my calculation by dividing the particle saturation moment m~TOT~ by the volume V of the 8 nm diameter particle (M~S~ = m~TOT~/V) which results in M~S~ = 7.8×10^5^ (A/m). Commonly reported bulk magnetite magnetization is slightly lower at M~S~ = 4.8×10^5^ (A/m) ([@bib18]), but it should be noted that several reports ([@bib3]; [@bib71]; [@bib35]) indicate that magnetite magnetization increases significantly in the size range below 10 nm and reaches the value of M~S~ = 1×10^6^ (A/m). Therefore, M~S~ = 7.8×10^5^ (A/m) value I use for 8 nm diameter ferritin particle of N = 4500 iron spins with 5μ~B~ per iron atom appears reasonable.

Force and torque on iron-loaded ferritin {#s2-2}
----------------------------------------

I now reconsider the possible forces in magnetogenetics on a ferritin particle (and therefore on the mechano-sensitive ion channel). In the most optimistic case where the particle is at the entrance to the bore of a superconducting MRI magnet, where the magnetic field gradient could be on the order of $\nabla$B = 50 (T/m). The force on the paramagnetic ferritin would be on the order of $F = m \bullet \nabla B =$ 10^−20 ^(N), while the force on the superparamagnetic ferritin would be on the order of F = 10^−17^ (N). The minimum required force to mechanically activate ion channels ([@bib66]) is on the order of 1 (pN) = 10^−12 ^(N). This confirms that the force from an externally applied magnetic field gradient on iron loaded ferritin, even the superparamagnetic one, is too low to be effective ([@bib65]).

The situation is quite different when one considers the mutual attractive force between two iron loaded ferritin particles that are both in a superparamagnetic spin configuration, as depicted in the inset of [Figure 3a](#fig3){ref-type="fig"}. In an external magnetic field of 1 Tesla, both ferritin particles will be magnetically saturated, as [Figure 3a](#fig3){ref-type="fig"} shows. For 8 nm diameter (radius r = 4 nm) ferritin particle, the maximum magnetic field gradient on the surface of the particle is:$$\nabla B = 2 \cdot \mu_{0} \cdot M_{S}/r\qquad{where\,\mu_{0} = 4\pi \cdot 10^{- 7}(Tm/A)}$$and has the value of $\nabla$B = 4.9x10^8^ (T/m), many orders of magnitude larger than anything achievable with external laboratory magnetic field gradients. Such a large magnetic field gradient from one ferritin particle acting on the second ferritin particle (and therefore on the mechanosensitive ion channels coupled to the ferritin particles) results in the maximum possible force on the order of F = 10^−10 ^(N) = 100 (pN), well above the required level for activating an ion channel. Therefore, if the construct reported by [@bib45] and used by the magnetogenetics reports is similar in its magnetism or even more enhanced than what was reported by other superparamagnetic ferritin results of [@bib12] and [@bib68], then there is at least the theoretical plausibility that the two ferritin particles pulling on each other could result in a sufficient force to activate mechano-sensitive ion channels to which the ferritin particles are coupled.

[Figure 3b](#fig3){ref-type="fig"} shows the interaction energy magnitude (E=m·B) of the iron loaded ferritin configurations of [Figure 2](#fig2){ref-type="fig"} in the external magnetic fields between 0 and 2 Tesla. On the same semi-log plot I indicate the thermal energy level at the physiological temperature of T = 310K, k~B~T = 4.28x10^−21 ^(J). As has been pointed out for the paramagnetic ferritin particle ([@bib65]) (n = 4500 light blue curve in the plot), that interaction energy is lower than k~B~T. However, it is interesting that even for modest clustering of N = 4500 iron spins into say n = 450 clusters of N/n = 10 exchange coupled spins each (n = 450 dark blue curve in the plot) the interaction energy of the particle rises above k~B~T level in a field of 1 Tesla. The magnetic energy diagram of Figure 3b is also interesting in that the maximum theoretically possible torque on an anisotropic ferritin particle ([@bib65]) can easily be evaluated since torque $\overset{\rightarrow}{\Gamma} = \overset{\rightarrow}{m}X\overset{\rightarrow}{B}$. Therefore, there is in principle a theoretical possibility that an external magnetic field can exert a sufficient torque on an anisotropic ferritin particle (on the order of 10^−19^ N·m in a 1 Tesla external field) to activate mechano-sensitive ion channels.

Diamagnetic force on ion channel from iron-loaded ferritin {#s2-3}
----------------------------------------------------------

I now consider the force due to the magnetic fields and field gradients from the ferritin particle itself on the intrinsically diamagnetic mechano-sensitive ion channel and neural cell membrane. I suggest that this diamagnetic repulsive force might be sufficient to mechanically deform the ion channel and affect its function, as I diagrammatically describe in [Figure 4](#fig4){ref-type="fig"}. Diamagnetism is generally considered the weakest form of known magnetism ([@bib18]; [@bib108]), but it can have surprising and dramatic mechanical effects on biological materials (most of which are diamagnetic), such as levitation ([@bib31]; [@bib83]) or restriction of water flow ([@bib98]; [@bib99]), if the conditions of large magnetic fields and field gradients are simultaneously present. The diamagnetic force per unit volume on a diamagnetic material is ([@bib83]):$$F/V = - \frac{\left| \chi \right|}{\mu_{0}}B\left( r \right)\nabla B\left( r \right)$$

![Diamagnetic force deformation of ion channel and cell membrane.\
(**a**) Diamagnetic ion channel in the cell membrane experiences magnetic fields from the ferritin particle and the externally applied magnetic field B, as well as the large magnetic field gradient from the ferritin particle. This results in the repulsive diamagnetic force on the ion channel and the cell membrane in (**b**) that is sufficient to potentially mechanically deform them and affect the ion channel function.](elife-45807-fig4){#fig4}

It is apparent that the critical parameter for generating appreciable force on a material with diamagnetic susceptibility χ is the product of the magnetic field and the magnetic field gradient $B\left( r \right)\nabla B\left( r \right)$. In laboratory settings at the edge of a superconducting magnet bore this parameter can have values on the order of 10^3^ (T^2^/m); ([@bib83]).

I calculate the value of this parameter at the location of the ion channel/cell membrane that is closely coupled to the superparamagnetic ferritin particle, as shown in [Figure 4a](#fig4){ref-type="fig"}. In an externally applied uniform magnetic field of B~ext~ = 1 Tesla the superparamagnetic particle magnetic moment will be saturated (as shown in [Figure 3a](#fig3){ref-type="fig"}), and the ion channel in the cell membrane will experience the total combined magnetic field from the saturated magnetite particle B~particle~ and the external magnetic field B~ext~ as shown in [Figure 4a](#fig4){ref-type="fig"}. The magnetic field on top of the saturated 8 nm diameter magnetite particle in my model is:$$B_{particle} = \frac{2}{3} \bullet \mu_{0} \bullet M_{S} = 0.65\left( T \right)$$and the total maximum field seen by the ion channel and the cell membrane is B = B~ext~+B~particle ~= 1.65 (T). The ion channel in the cell membrane will also be under the influence of the particle gradient magnetic field of $\nabla$B = 4.9X10^8 ^(T/m) (from [Equation (3)](#equ3){ref-type="disp-formula"}). This results in the critical parameter in the diamagnetic force calculations of $B\nabla B$ = 8.1x10^8 ^(T^2^/m), many orders of magnitude larger than anything available in the common laboratory settings ([@bib83]). This combination of magnetic fields and magnetic field gradients from the ferritin particle will generate a repulsive diamagnetic vector force on the ion channel/cell membrane, as shown diagrammatically with red arrows in Figure 4b. It is particularly intriguing that the diamagnetic repulsive force from the ferritin particle is exerted on the mechanosensitive ion channel in a neural cell membrane that is known to be mechanically extremely soft ([@bib96]). The consensus that is emerging from the studies of mechanical properties of ion channels and cell membranes ([@bib58]; [@bib79]; [@bib107]) is that neural cells have extremely low Young's modulus, E, on the order of E = 100 (Pa), the lowest of any known materials. The final parameter in the diamagnetic force [Equation (4)](#equ4){ref-type="disp-formula"} is the diamagnetic susceptibility χ of the ion channel and the cell membrane. It is reasonable to assume that this number is similar to that of water ([@bib18]), on the order of χ = -1x10^−5^, but one should not dismiss the possibility that ordered lipid cell membrane domains could have an order of magnitude higher value of diamagnetic susceptibility ([@bib8]; [@bib34]).

Estimating the resulting deformation of the ion channel and cell membrane, as shown in [Figure 4b](#fig4){ref-type="fig"}, due to the diamagnetic force of [Equation (4)](#equ4){ref-type="disp-formula"} is extremely difficult, as both the magnetic fields and the magnetic field gradients from the magnetite particle are spatially rapidly varying in both direction and magnitude, and cell membrane and ion channel nanomechanics and diamagnetism are poorly understood. However, using contact mechanics equations ([@bib79]) one can give an order of magnitude estimate for the cell membrane deformation d in [Figure 4b](#fig4){ref-type="fig"} using the listed magnetic, mechanical, and diamagnetic parameters for the ferritin construct and the cell membrane. The vertical displacement d due to a force F over an area A = πr^2^ over a circular region of radius r = 4 nm on an elastic flat half space of Young' Modulus E and Poisson ratio ν (assumed to be ν = 0.5 for the neural cell \[[@bib96]\]) is estimated to be ([@bib79]):$$d = \frac{2\left( {1 - \nu^{2}} \right)r}{E}F/A$$

Combining [Equation (5)](#equ5){ref-type="disp-formula"} with [Equation (6)](#equ6){ref-type="disp-formula"}, using the listed parameters, and assuming for simplicity that the diamagnetic force (of [Equation (5)](#equ5){ref-type="disp-formula"}) is applied uniformly only across 1 nm of cell membrane thickness (due to the sharp drop of fields and field gradients from the magnetite particle), results in the deformation distance d = 0.4 nm = 4 Å. This is of course only a crude estimation, but such an Angstrom-scale deformation represents a significant fractional change of the overall cell membrane thickness, and is known to be sufficient to affect ion channel behavior ([@bib96]; [@bib37]; [@bib77]) and is also quite likely to do so in mechano-sensitive magnetogenetics constructs.

Magneto-caloric effect in iron-loaded ferritin {#s2-4}
----------------------------------------------

Heating of iron loaded ferritin by AC magnetic fields has also been considered as one of the mechanisms for thermo-sensitive ion channel activation and criticized to also be implausible ([@bib65]). I now consider a thermal mechanism that to my knowledge has not been considered for the clusterparamagnetic spin arrangement in magnetogenetics: the DC magneto-caloric effect in the iron-loaded ferritin particle. Magneto-caloric effect refers to the heating and cooling of magnetic materials by DC magnetic fields ([@bib18]). It is fundamentally based on the physical principle that an ensemble of magnetic spins in zero magnetic field is fluctuating and therefore maximally randomized and in a high entropy state. Upon application of a polarizing magnetic field the magnetic spins align in the field which lowers the entropy of the spin ensemble. In an adiabatic process where there is no exchange of heat with the environment, this change in spin ensemble entropy has to be compensated for by the exchange of energy between the spin ensemble and the magnetite particle lattice, resulting in the change of temperature of the particle. This process of magnetic adiabatic cooling has been used in low-temperature physics for a long time ([@bib32]) to obtain milliKelvin temperatures in paramagnetic salt powders and sub-milliKelvin temperatures with nuclear spins in metals ([@bib82]). Although such magnetic adiabatic energy transfers are generally performed only at cryogenic temperatures, [@bib62] have pointed out that this process can be potentially performed at higher temperatures if the spins are segregated and coupled into superparamagnetic clusters (such as shown in the spin configuration of [Figure 2b](#fig2){ref-type="fig"}). For a given magnetic field B and temperature T, there is an optimal clusterparamagnetic size that will generate maximum entropy change and energy transfer from the spin ensemble to the magnetite particle lattice ([@bib62]). This hypothesis seems to have been experimentally confirmed ([@bib63]; [@bib81]). Here I investigate the magneto-caloric energy transfer values for the specific case of the clusterparamagnetic iron loaded ferritin ([Figure 2](#fig2){ref-type="fig"}) with N = 4500 iron atoms with 5μ~B~ atomic moments at a physiological temperature of T = 310K.

[Figure 5](#fig5){ref-type="fig"} diagrammatically shows the basic process. In zero magnetic field, n clusterparamagnetic moments (configuration of [Figure 2b](#fig2){ref-type="fig"} with N/n spins in each cluster) of the particle are randomly fluctuating ([Figure 5a](#fig5){ref-type="fig"}) and have a high magnetic entropy state. Upon application of an external magnetic field on the order of 1T, the clusterparamagnetic moments will mostly align with the magnetic field ([Figure 5b](#fig5){ref-type="fig"}) and go into a low entropy state. The classical entropy change in such a process for n-cluster particle (with N/n spins in each cluster) is ([@bib62]):$$\Delta S = n \cdot k_{B} \cdot \left\lbrack {1 - x \cdot coth(x) + ln\left( \frac{sinh(x)}{x} \right)} \right\rbrack$$where, again, parameter $x = \frac{\frac{N}{n} \bullet m_{Fe} \bullet B}{k_{B} \bullet T}$. This magnetic entropy change results in the energy transfer to the magnetite particle lattice of ΔE = T·ΔS.

![Magneto-caloric effect in clusterparamagnetic ferritin.\
(**a**) In zero magnetic field, n clusterparamagnetic moments of N/n exchange coupled spins are randomly fluctuating and have high magnetic entropy. (**b**) Upon application of external magnetic field B the clusterparamagnetic moments align with the field and have low entropy. In the adiabatic process this change in spin entropy is compensated for by the exchange of energy between the spin ensemble and the magnetite particle lattice. For a given magnetic field B and temperature T, there is an optimal clusterparamagnet size that will generate maximum entropy change and energy transfer to the magnetite particle lattice.](elife-45807-fig5){#fig5}

[Figure 6](#fig6){ref-type="fig"} shows the numerical calculation results for that magneto-caloric energy change as a function of the number of clusters n in the particle. For magnetic field change of 1 Tesla (black points in [Figure 6](#fig6){ref-type="fig"}), the ferritin particle with N = 4500 iron spins that separate into n = 15 equal clusters of N/n = 300 exchange coupled spins in each cluster will provide the maximum energy transfer to the magnetite particle lattice. In the same plot I indicate the thermal energy level k~B~T that reveals the interesting features in this analysis. For the paramagnetic spin state of the ferritin particle (N = n = 4500 point in [Figure 6](#fig6){ref-type="fig"}) no value of magnetic field is sufficient to achieve magneto-caloric particle energy change near the level of k~B~T. However, if N = 4500 iron spins conceivably cluster into n = 100 (or fewer) clusters of N/n exchange coupled spins each, the magneto-caloric energy transfer from the spin ensemble to the magnetite particle lattice is higher than the k~B~T level, including for the superparamagnetic state (n = 1 point in [Figure 6](#fig6){ref-type="fig"}). It is not clear how this magneto-caloric energy transfer from the clusterparamagnetic spin ensemble of the magnetite particle to the thermo-sensitive or mechano-sensitive ion channel could occur for channel activation, but the energy scales in the magneto-caloric process indicate that it is theoretically feasible. It might well be that this amount of energy transfer localized to the single ferritin particle is not sufficient to locally heat up the thermo-sensitive ion channel ([@bib65]; [@bib110]). However, it may also be that a large number of iron-loaded ferritin particles expressed throughout the neural cell membrane generate a global temperature rise (on a longer timescale) that is orders of magnitude larger than the negligible short timescale temperature rise adjacent to a single iron-loaded ferritin protein ([@bib110]; [@bib49]).

![Magneto-caloric energy change for N = 4500 iron atom ferritin particle as a function of the number of clusters n (each with N/n spins) at a physiological temperature T = 310K and several applied magnetic field values B.\
For a given applied magnetic field B and temperature T, there is an optimal clustering size n (of N/n spins in each cluster) that will generate maximum entropy change and energy transfer to the magnetite particle lattice. No value of applied magnetic field B is sufficient to achieve magneto-caloric energy change above k~B~T for a paramagnetic ferritin (n = 4500, [Figure 2a](#fig2){ref-type="fig"}). However, grouping of the spins into n exchange coupled clusters ([Figure 2b](#fig2){ref-type="fig"}) achieves magneto-caloric energy changes above the k~B~T level.](elife-45807-fig6){#fig6}

Einstein-de Haas effect on iron-loaded ferritin {#s2-5}
-----------------------------------------------

I now present another potential magneto-mechanical mechanism, the Einstein-de Haas effect ([@bib26]; [@bib28]), that appears feasible in iron-loaded ferritin. It is a fundamental tenet of quantum mechanics that magnetic moment m of a particle is proportional to mechanical angular momentum L of that particle, m = ɣ·L, where ɣ is the gyromagnetic ratio, ɣ = e/m~e~, for spin angular momentum of iron (where e is charge of the electron and m~e~ is mass of the electron \[[@bib18]\]). The Einstein-de Haas effect refers to the magneto-mechanical effect, required by the conservation of angular momentum, where a reversal of a magnetic moment of a sample by an applied magnetic field has to be accompanied by a corresponding change in mechanical angular momentum of that sample. This physical principle has been experimentally confirmed on both the macroscopic ([@bib80]) and microscopic samples ([@bib102]), and recently also on the molecular scale ([@bib30]). Here, I numerically evaluate the mechanical and thermal consequences of the Einstein-de Haas effect on the iron-loaded ferritin protein and therefore on the mechano-sensitive and thermo-sensitive ion channels in magnetogenetics.

[Figure 7](#fig7){ref-type="fig"} shows schematically the basic Einstein-de Haas principle. In the initial state, magnetic field is applied along the positive z-axis and the magnetic moment +m is aligned with the magnetic field. This moment caries mechanical angular momentum of L = +m/ɣ. As the magnetic field is reversed, the magnetic moment also reverses to -m value, which corresponds to the new mechanical angular momentum of L = -m/ɣ. This total change of angular momentum of $\mathrm{\Delta}$ΔL = 2m/ɣ has to, by the law of conservation of angular momentum, be compensated for by the mechanical rotation of the magnetite particle ([@bib16]) (the Einstein-de Haas effect). This change in mechanical angular momentum is proportional to the change in rotational kinetic energy ([@bib16]) of the particle $\Delta E = \frac{\Delta L^{2}}{2I}$, where I is the rotational moment of inertia of a spherical particle of radius r, $I = \frac{2}{5}mass \bullet r^{2}$. Assuming the density of magnetite of 5.24x10^3^ (kg/m^3^), the mass of the 8nm diameter particle is mass = 1.4x10^−21 ^(kg), and the energy transferred to the particle by the rotational motion imparted by the magnetic moment reversal is $\mathrm{\Delta}$E = 0.33x10^-21^ (J). This rotational kinetic energy of the magnetite particle due to the Einstein-de Haas effect has to eventually transfer to the magnetite particle lattice and the environment through friction.

![Einstein-de Haas effect in ferritin.\
(**a**) Ferritin magnetic moment +m is aligned with the field B and caries mechanical angular momentum of L = +m/ɣ. (**b**) Magnetic moment reversal to -m results in the total change of angular momentum of Δ$\mathrm{\Delta}$L = 2m/ɣ that is compensated for by the mechanical rotation of the particle or by the mechanical torque on the particle.](elife-45807-fig7){#fig7}

Rotational kinetic energy of 0.33x10^−21 ^(J) by a single magnetite particle moment reversal (one half of the applied AC magnetic field cycle) is a significant fraction of k~B~T = 4.28x10^−21 ^(J). It is interesting to compare this value to the maximum energy loss per cycle of 1 (J/kg) typically reported for magnetic hyperthermia applications ([@bib38]; [@bib39]). For the Einstein-de Haas effect presented here, this value for a full single cycle is 2·Δ$\mathrm{\Delta}E$/mass = 0.47 (J/kg). Therefore, it would appear that the Einstein-de Haas effect should be considered on par with the typical Brown and Néel relaxation modes in magnetic particle hyperthermia ([@bib78]; [@bib25]; [@bib21]) in contributing to the sample heating. As was the case for the magneto-caloric effect, it is not yet known how this Einstein-de Haas magneto-mechanical process would transfer energy to the thermo-sensitive and mechano-sensitive ion channel for activation, but the energy scales in this process are again very close to the k~B~T level.

This entire analysis of the Einstein-de Haas magneto-mechanical frictional heating for a magnetite particle inside the ferritin protein was predicated on the assumption that the magnetite particle is free to move inside the protein cage, a condition that to my knowledge is not presently known. So I also consider the situation in which the spherical magnetite particle is fixed inside the ferritin protein and cannot freely rotate. In this situation the change in the magnetic moment direction of the magnetite particle from +m to -m which results in the change of the mechanical angular momentum L of the particle from +m/ɣ to -m/ɣ now has to impart a torque on the surrounding medium, $\Gamma = \frac{\Delta L}{\Delta t}$, where Δ$\mathrm{\Delta}t$ is the time of reversal of the magnetite particle magnetic moment. A reasonable value to assume for the time of the moment reversal is Δ$\mathrm{\Delta}t$ = 1 (nsec), which results in the torque of 2m/(ɣ·Δ$\left. \mathrm{\Delta}t \right)$ = 2.4x10^−21 ^(N·m) per half cycle of the applied AC magnetic field. The energy scale of this torque is again on the same order of magnitude as k~B~T = 4.28x10^−21 ^(J). How this Einstein-de Haas torque would be transferred to the mechano-sensitive ion channel for activation is unknown and remains to be theoretically and experimentally explored.

Magnetic moment fluctuations of Iron-Loaded ferritin {#s2-6}
----------------------------------------------------

I finally discuss a topic of ferritin particle magnetic moment fluctuations (the topic that has generally been omitted in the discussion of magnetogenetics) and its potential effect on the ion channels. As described earlier, for the potentially superparamagnetic spin arrangement ([Figure 2c](#fig2){ref-type="fig"}) of the ferritin particle, the magnetic field near the particle surface ([Figure 4a](#fig4){ref-type="fig"}) has a relatively large value of 0.65 Tesla. This magnetic field from the particle is not static, but is in fact fluctuating rapidly in time ([@bib10]; [@bib11]), as I show schematically in [Figure 8a](#fig8){ref-type="fig"}. The frequency of this fluctuation at physiological temperature is significant and measured to be in the GHz frequency range through low-frequency magnetic susceptibility, Mossbauer spectroscopy, and neutron spin-echo spectroscopy ([@bib50]; [@bib1]; [@bib13]). Such superparamagnetic moment fluctuations have also been experimentally observed on a single particle scale at low temperatures ([@bib104]; [@bib72]; [@bib40]). Therefore, the ion channel in the vicinity of the potentially superparamagnetic iron-loaded ferritin experiences large magnetic field gradients and Tesla-scale magnetic fields at GHz frequencies, as well as the corresponding GHz frequency diamagnetic forces and torques, as discussed earlier. Upon application of the external DC magnetic field, of say 1 Tesla, the magnetic moment saturates, and the ion channel experiences DC magnetic field, field gradient, diamagnetic force, and torque, as I show in [Figure 8b](#fig8){ref-type="fig"}. I am presently not aware of any experimental or theoretical studies that have investigated cell membrane or ion channel behavior in such extreme conditions of combined high amplitude magnetic fields (Tesla-scale) and field gradients (10^8^--10^9^ T/m scale) and ultra-high frequencies (1--10 GHz scale), and yet that would appear to be the environment in which the genetically engineered ion channels in magnetogenetics might be operating. Therefore, studying ion channel properties, both theoretically and experimentally, in those conditions where the timescale of ferritin magnetization dynamics and molecular physical reorientation would be warranted before final conclusions could be made about the possibilities and limitations of magnetogenetics.

![Magnetic moment fluctuations.\
(**a**) In zero external magnetic field, the ion channel experiences Tesla-scale magnetic fields and large field gradients from the fluctuating superparamagnetic particle moment at GHz-scale frequencies, as well as the corresponding AC diamagnetic forces and torques. (**b**) In the external field B, the ion channel experiences Tesla-scale DC magnetic fields and large field gradients from the stabilized ferritin magnetic moment, and the corresponding DC diamagnetic forces and torques.](elife-45807-fig8){#fig8}

Discussion {#s3}
==========

I have presented several physical mechanisms of magneto-thermal and magneto-mechanical interactions in the settings relevant to the iron-loaded ferritin particle-based magnetogenetics that to my knowledge have previously not been considered. Several of these interactions have energy scales on the order of or higher than the k~B~T level. I emphasize that the energies associated with these interactions depend strongly on the iron spin clustering assumptions within the ferritin particle and are valid only for applied DC laboratory magnetic fields in the range of 0.1--2 Tesla. Some, but by no means all, reported magnetogenetics experiments to date were performed in the conditions I describe in my analysis (many AC magnetic fields applied in reported magnetogenetics experiments were much weaker), and therefore further control and confirmation experiments with the reported magnetogenetics constructs are warranted. Many parameters that are critical to the full understanding of magnetogenetics remain unknown and include: (1) the exact iron magnetism, spin clustering configuration, spin dynamics, and magnetic anisotropy of the ferritin construct utilized so far in magnetogenetics studies, (2) the realistic mechanical and thermal nano-environment around the iron-loaded ferritin, (3) the diamagnetic (and perhaps even paramagnetic) properties of ion channels and cell membranes next to the iron-loaded ferritin, and (4) the functional properties of ion channels under the influence of simultaneously large amplitude and ultra-high-frequency magnetic fields and field gradients. Therefore, the experimental path forward clearly demands isolation of the used magnetogentics constructs and careful measurement of the above listed properties of such constructs. This would preferably be done on a single iron-loaded ferritin protein in order to avoid the confusion due to averaging of many ferritin particles. In addition to the mentioned scanning probe methods and transmission electron microscopy (TEM) and crystallography that are already being performed on a single ferritin particle level, modern techniques of SQUID ([@bib17]; [@bib100]) and cantilever force and torque magnetometry ([@bib91]; [@bib92]) have achieved spectacular magnetic moment sensitivities (down to a single Bohr magneton). It would be exciting to apply them toward the characterization of single ferritin constructs reported in magnetogenetics to evaluate both their magnetic properties (as they are critical to the magnetogenetics topic in general) and the magneto-mechanical forces and torques that can be externally applied to them (as they critically relate to the magnetogenetics mechanisms I suggest as potentially plausible in particular). Importantly, these modern ultra-high sensitivity magnetometry techniques should also be utilized towards measuring the diamagnetic and paramagnetic susceptibilities of ion channels and lipid cell membranes in order to guide further experimental progress in magnetogenetics. TEM and FRET techniques ([@bib20]) could potentially be applied to investigate the described diamagnetic membrane nanodeformations next to iron-loaded ferritin protein upon application of magnetic fields. Finally, modern nanocalorimetry ([@bib27]) and nanothermometry ([@bib46]; [@bib22]) techniques have also advanced to the point that studies on individual iron-loaded ferritin thermal properties and temperature changes are in principle feasible in order to evaluate some of the proposed magneto-thermal mechanisms for magnetogenetics I suggest as potentially plausible.

It is entirely possible that additional magnetic effects on ion channels in neural cell membranes, such as the phase changes and deformations in lipid bilayers due to magnetic fields ([@bib108]; [@bib59]; [@bib95]; [@bib54]), gradient magnetic field effects on the ion diffusion ([@bib51]) and the resting membrane potential of cells ([@bib109]), as well as the induction of calcium influx in cells by nanomagnetic forces ([@bib93]) could further influence magnetogenetic activation of cells. As the technical advances in genetically encoded bio-mineralization of ferritin ([@bib61]; [@bib56]) and additional experiments are carried out with both genetically ([@bib44]; [@bib55]; [@bib67]; [@bib24]) and synthetically prepared magnetic particles of different material compositions ([@bib23]; [@bib43]; [@bib42]; [@bib15]; [@bib69]) all the possible mechanisms, parameters, and conditions in magnetogenetics should be considered before the final verdict on the possibilities and limitations of this new neuro-stimulation technology is rendered.
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Thank you for submitting your article \"Possible magneto-mechanical and magneto-thermal mechanisms of ion channel activation in magnetogenetics\" for consideration by *eLife*. Your article has been reviewed by three peer reviewers, all experts in magnetic materials and magnetic interactions, and the evaluation has been overseen by Reviewing Editor and respondent David Kleinfeld, with Eve Marder as the Senior Editor. One outside individual involved in review of your submission has agreed to reveal their identity: Peter Littlewood (Reviewer \#1).

As Reviewing Editor, I think this is an important contribution as it bears on the utility of novel perturbation techniques to probe neuronal systems. You further take issues with past analysis (Meister, 2016) for the mechanical activation via magneto-torques or, in conjunction with TRP channels, magnetic hysteresis for heat activation. In particular, the past analysis considered only the interactions of single spins with a magnetic field. All reviewers agree with this basic point, and that the present manuscript is a welcome contribution toward understanding physical limitations to neurological measurements. Yet all reviewers have provided pointed criticisms that will lead to an improved work.

Before we dive into the weeds, I would suggest that the manuscript could start with a simple statement about interacting magnetic systems. Perhaps a brief summary for your consideration could be \"The total energy of a spin system has terms related to the interaction of the individual spins with the external magnetic field, plus the interaction energy of the spins among themselves. The later contribution can be quite large, as occurs in ferromagnetism. This total energy must be compared with the thermal energy and, for interacting systems, the thermal energy may be too small to appreciably dephase the spins. Thus the possibility for experimenters to exploit the interaction of magnetic nanoparticles in vivo with reasonable (\~ 1 T) external fields is not unreasonable\". Also, and following reviewer comments, you need to explicitly say up front that you are arguing matters of principal, as the necessary materials have yet to be discovered or synthesized in vivo.

The reviewers raise a number of critical technical issues. I request that you answer each reviewer comment and modify the manuscript accordingly. A summary of the key issues includes:

1\) Further discussion of the physics of ferritin, for which there is a substantial literature, and I would also argue for a discussion of the known classes of all iron/nickel/cobalt/rare earth-containing compounds that could be seized for use in Biology.

2\) Analysts of the interaction of ferritin, and other molecules, that does not make use of a quasistatic approximation. As noted by Littlewood, the relaxation time is short, i.e., estimated at less than 100 fs, and is far shorter than the period for the RF excitation in many of the experimental papers that you discuss.

3\) The discussion about prior experiments is fuzzy and needs to be clearly stated. As noted by reviewer 2, you agree that many claims seem unreasonable for the interactions between ferritin and the Earth\'s approximately 50 mT magnetic field. This disagreement should be stated clearly. You then raise the additional point that the effects of interactions could be seen in approximately 1 T magnetic fields. The later are readily obtained in the laboratory, even easily obtained for localized, pulsed fields. Make this new claim stand out clearly.

4\) A discussion -- even brief -- on the prospects for materials with large interactions being synthesized.

5\) A discussion of an experimental path forward would be very useful and powerful way to conclude the manuscript.

*Reviewer \#1:*

This paper addresses a controversial topic of magnetogenetics, which has been roundly criticized as being physically unreasonable. The main criticism is that because the moment of a ferritin molecule is so small, the magnetic susceptibility at room temperature is tiny, and there is no plausible physical effect that could arise in the typical magnetic fields that have been applied. This paper starts by accepting the basic criticism of Meister, 2016, and then systematically looks for physical conditions that would overturn the criticism. The paper is well-written, thoughtful, and I have few complaints about the analysis which has been performed. I will suggest that there is an avenue of investigation that has been missed, however.

The paper points out that the magnetic structure of Fe compounds is complicated, and that indeed one can have antiferromagnetic, ferromagnetic, and indeed more complex magnetic ordering of Fe compounds. A hypothesis is presented that in fact the ferritin core might allow for ferromagnetic configurations so that a \"cluster\" ferromagnet is the ground state with a much larger moment than has been traditionally assumed for ferritin (and indeed measured in ex vivo). I can\'t comment on the biological plausibility of such an arrangement, except to note that it will require very different atomic arrangements in the molecule, more akin to magnetite than what is generally accepted for ferritin. But I agree that if this is accepted, then by having much larger ferromagnetic clusters, it's not too hard to overcome the kT problem. So here I see the issue as an experimental one -- isolate the ferritin and measure its magnetic properties.

Indeed, once one accepts that there is a FM core, one can also generate a magneto-caloric effect (although this is generally a much larger effect near the critical point of an AFM) as well as the Einstein-de Haas effect. What I will remark in general is that all of these effects are potentially relevant provided they are carefully tuned so that the magnetic energy is comparable to the thermal energy, and that is fundamentally the game here. As a theoretical exercise, this paper is fine.

I am puzzled, however, that this paper and previous discussions as well (no less Meister, 2016) don\'t focus at all on what we know about ferritin, which has been rather well studied as a physical molecule (if for non-biological reasons). Conventional \"horse-spleen ferritin\" seems to be a strong antiferromagnet (i.e. its effectively ordered up to apparently high temperatures) with a small uncompensated moment that is much smaller than the ordered antiferromagnetic moment. The physics of ferritin doesn\'t have much to do with its small residual magnetic moment. I\'ve seen no studies that suggest that ferritin has the kind of cluster ferromagnetism suggested in this paper. In fact, ferritin is so strongly ordered at low temperatures that the only mechanism to \"flip\" the spin of this molecule below a few tens of Kelvin is quantum mechanical tunneling. Anyway, the magnetization dynamics of this system as an ex vivo molecule have had a lot of attention in the condensed matter physics literature -- for example D. D. Awschalom et al., 1992., Tejada et al., 1997, but indeed there is quite a lot of literature that\'s not been addressed in this paper or the previous ones.

Because there is an accidentally(?) small overall magnetic moment, in an applied field the overall magnetic configuration can flip (assuming that the molecule itself is stationary, as we will see a generally good approximation). This has been measured. Fits to a simple Arrhenius plot (Kilcoyne and Cywinski, 1995) give an activation temperature of 318K and an characteristic attempt time of 9x10^-12^ seconds. This comes from direct measurement up to a few kHz, and also Mossbauer -- corresponding to probably 100 MHz. If this can be extrapolated to 300K (i.e. the system remains antiferromagnetically well ordered) then the characteristic frequency F~0~ would be on the order of 30 GHz (or the characteristic time scale 30 fsec). This is quite a long time-scale on a molecular size -- for example a sound wave in water propagates about 50 nm in 30 fs.

Anyway, the point is that on a time scale shorter than 1/F~0~ the ferritin will be magnetically frozen, and in particular there will be populations of magnetization that (briefly) show hysteresis. This time scale is almost certainly shorter than the time scale for the molecule to physically reorient (by rotation, like a bar magnet) and it is not so different from the natural time scales for molecular motion on the relevant time scales for an ion channel. In consequence, I am not convinced by any analysis that assumes a quasi-static equilibrium population of \"up\" and \"down\" moments.

Since this is a very speculative topic, let me throw in something else. It\'s not at all implausible that the typical anti-ferromagnetic ordering temperature could be in the range of biological relevance. There are well-described physical systems where modest magnetic fields on the 1T scale modulate such phase transitions, and indeed have consequences in macroscopic properties such as giant magnetocaloric effects, and abrupt changes in conductivity and electrical screening (for example much studied in manganites). I find it interesting to note that the characteristic time scale for magnetic rearrangement in ferritin hits a microscopic scale just around room temperature, and -- biology being what it is -- perhaps this is not an accident.

What would be helpful on this topic would be a careful experimental materials science study of this system, rather than having too many more speculative theory papers. Coming back to the present paper, I think it's useful, though in my view incomplete.

*Reviewer \#2:*

This paper by Mladen Barbic analyzes several physical mechanisms that could enable \"magnetogenetics\"-the control of neuronal activity with magnetic fields. The paper is somewhat of a response to \"Physical limits to magnetogenetics\" in *eLife* by Markus Meister. In that paper, Meister goes through a few convincing arguments that the magnetic fields, forces, and energies associated with magnetogenetic tools are orders of magnitude smaller than those necessary to sufficiently magnetize a ferritin protein or open an ion channel. Barbic\'s paper verifies many of Meister\'s arguments, using a more detailed approach to his calculations. Barbic argues though that if one considers the possibility of ferritin being superparamagnetic, then with strong, experimentally realizable, magnetic fields, one may reach the force values necessary to open ion channels. Meister does acknowledge the possibility of superparamagnetic ferritin but doesn\'t take it into account in his calculations. Perhaps oddly, Barbic does not refute Meister at all -- indeed the previously reported experimental magnetogenetic studies still lie almost entirely outside of the parameter regime where Barbic suggests that external magnetic fields could open a channel coupled to ferritin.

In this way, Barbic\'s comparison to experiment is unsatisfying. He presents scenarios that parallel the experiments in some ways (for example, a single ferritin with 4500 Fe atoms coupled to an ion channel), but then argues that a response is plausible in a magnetic field that is notably stronger than the ones used in the same experiments (e.g. 1 Telsa vs. 50 mTesla in the experimental papers). What, then, does Barbic make of the experimental data, and how valuable are his comparisons to the experiments? Considering all these things, Barbic\'s paper, which is quite reasonable, has a strange effect: it presents itself as suggesting that experimental magnetogenetic results are plausible, but then shows arguments that, in my view, discredit the proposed mechanisms in the experimental magnetogenetics papers. I would urge Barbic to contend more specifically with the previous experimental results.

Despite what I said above, I think this paper is a contribution to the literature on magnetogenetics. It does computations where Meister provided back-of-the-envelope numbers and explores a much wider array of magnetization for ferritin particles. Moreover, it presents new physical mechanisms that could enable magnetogenetic manipulation with the systems that have already been created. Regarding the new mechanisms proposed by Barbic, I believe he should expand his analysis of diamagnetic forces and include more details, as I outline in the notes below. The magneto-caloric effect seems a bit less convincing. Similarly, the Einstein-de Haas discussion seemed somewhat plausible, but not exciting. Perhaps it would be interesting for the author to propose experiments that would test whether or not magnetogenetic effects are due to these physical mechanisms?

*Reviewer \#3:*

This paper discussed several magneto-mechanical and magneto-thermal mechanisms that the author theorized that may potentially account for the reported ion channel activation in magnetogenetics. There have been several recent reports of the ability to activate ion channels (e.g. TRPV1 and TRPV4) that are fused with ferritin using DC and AC magnetic fields. The mechanisms of these observed effects are actively being debated without a consensus being reached. Critically, some argued that the interaction between ferritin and the applied magnetic field is not sufficient to produce the needed heat or force for channel activation. In this paper, the author considered a number of hypothetical scenarios that may generate the needed heat or force. The nature of this consideration is theoretical; the discussion is timely. It provides some additional directions in searching for the underlying mechanisms for the reported effects.

1\) The proposed mechanisms seem to all involve the application of a strong static magnetic field. In the cited literature Stanley et al., 2012, 2015, the vast majority of the experiments were done with RF waves at 100s KHz. About one half of the experiments in Stanley et al., 2016, were also done at RF frequencies; the rest were done at the fringe field (0.2-0.5T as reported) of a 3T MRI scanner. Wheeler et al., 2016, was done with static fields (\< 1T). Other related work used different types of magnetic fields, e.g. Hutson et al., 2017 was done at RF field at μT range, while Mosabbir and Truong, 2018, used a pulsed DC field at mT range. Since the proposed mechanisms require a strong static field, it will be necessary to make a distinction between these experimental conditions.

2\) The work by Mosabbir and Truong, 2018, used a static electromagnet that was programmed to be 5 s on and 2 min off on the order of 10 mT. This field seems to be much smaller than what is needed for the proposed mechanisms.

3\) The proposed mechanisms all require the ferritin to be highly loaded (if not full) with iron and the iron spins to be highly coupled to produce a large magnetic moment. The direct experimental evidence of such configurations seems to be lacking. If one were to go about testing this hypothesis, what experiments would the author suggest?

4\) For the mechanism evoking Einstein-de Haas effect, the magnetogenetic experiments that have been reported so far involving mostly the application of slowly changing magnetic field that does not induce rapid flipping of spins. Further, when RF fields are applied, the magnetic field at mT or μT will likely not be strong enough to flip the spins all together. The quoted energy of 0.33x20^-21^ J has to come from the RF waves which do not seem to have that kind of energy density.

5\) In general, a suggestion of testable experiments would be helpful for evaluating each mechanism proposed.

10.7554/eLife.45807.013

Author response

> *Before we dive into the weeds, I would suggest that the manuscript could start with a simple statement about interacting magnetic systems. Perhaps a brief summary for your consideration could be \"The total energy of a spin system has terms related to the interaction of the individual spins with the external magnetic field, plus the interaction energy of the spins among themselves. The later contribution can be quite large, as occurs in ferromagnetism. This total energy must be compared with the thermal energy and, for interacting systems, the thermal energy may be too small to appreciably dephase the spins. Thus the possibility for experimenters to exploit the interaction of magnetic nanoparticles* in vivo *with reasonable (\~ 1 T) external fields is not unreasonable\". Also, and following reviewer comments, you need to explicitly say up front that you are arguing matters of principal, as the necessary materials have yet to be discovered or synthesized* in vivo.
>
> The reviewers raise a number of critical technical issues. I request that you answer each reviewer comment and modify the manuscript accordingly. A summary of the key issues includes:
>
> 1\) Further discussion of the physics of ferritin, for which there is a substantial literature, and I would also argue for a discussion of the known classes of all iron/nickel/cobalt/rare earth-containing compounds that could be seized for use in Biology.
>
> 2\) Analysts of the interaction of ferritin, and other molecules, that does not make use of a quasistatic approximation. As noted by Littlewood, the relaxation time is short, i.e., estimated at less than 100 fs, and is far shorter than the period for the RF excitation in many of the experimental papers that you discuss.
>
> 3\) The discussion about prior experiments is fuzzy and needs to be clearly stated. As noted by reviewer 2, you agree that many claims seem unreasonable for the interactions between ferritin and the Earth\'s approximately 50 mT magnetic field. This disagreement should be stated clearly. You then raise the additional point that the effects of interactions could be seen in approximately 1 T magnetic fields. The later are readily obtained in the laboratory, even easily obtained for localized, pulsed fields. Make this new claim stand out clearly.
>
> 4\) A discussion -- even brief -- on the prospects for materials with large interactions being synthesized.
>
> 5\) A discussion of an experimental path forward would be very useful and powerful way to conclude the manuscript.

All of the changes, corrections, and additions to my manuscript per Reviewing Editor and reviewers' suggestions are clearly highlighted throughout the revised manuscript. The summary of these is listed here:

1\) I included the simple statement in the introductory part of the manuscript about the interacting magnetic system, per reviewing editor's suggestion. I now clearly state that the manuscript argues the topic as a matter of principle, also per reviewing editor's suggestion.

2\) I am in strong agreement with all the reviewers that the major challenge now in magnetogenetics is an experimental one of isolating and measuring ferritin structurally and magnetically, hopefully on a single particle level. I performed a wide literature search on the experimental methods that might be suitable for such a task, and the manuscript now includes an extensive discussion on the potential experimental path forward, per all the reviewers' and editors' requests. Where appropriate, I now clearly state what experimental technique might be particularly appropriate for testing some of my model predictions.

3\) I now clearly state the experimental range of validity of my calculated estimates, and clearly state that some, but by no means all, previous experiments in magnetogenetics fall into that experimental range, and therefore require further careful experimental study and confirmation.

4\) Upon receiving the reviewers' request, I performed an extensive literature search on the previous physics and materials science findings on ferritin, and all of those relevant citations that the reviewers requested are now cited in the revised manuscript. Where appropriate, I now clearly state where the previous experimental findings relatively closely match my model system assumptions.

5\) I now acknowledge the challenge of the magnetization dynamics of ferritin, per reviewer request. I have an extended discussion on the ferritin magnetization dynamics in the manuscript now, while acknowledging clearly that this speculative topic is heavily understudied in magnetogenetics and requires further investigation.

6\) Per reviewer request, I now have a more extended discussion on the estimate of diamagnetic deformation, and I include a new more specific order of magnitude calculation based on the results from contact mechanics that elaborates on my model estimation and further justifies it. Per reviewer suggestion, I added further references that bolster that model suggestion.

7\) Per reviewing editor request, I now include a brief discussion on the wider prospects of using synthesized materials with large interactions that might be possible with ferritin protein. I have added numerous citations to bolster that discussion and suggestion.

8\) Where appropriate, as suggested by the reviewers, I have modified and simplified the relevant figures. I have added more labels that the reviewers pointed out were needed and removed some redundant or misleading lines and arrows in some of the figures that the reviewers pointed out were confusing.
